The determination and maintenance of the cell fate is ultimately due to differential gene activity. In the mouse, expression of the transcription factor Oct4 is high in totipotent inner cell mass, germ cells and undifferentiated embryonic stem (ES) cells, but dramatically reduced or extinct upon differentiation. Here, we show that medaka blastula embryos and cells of the ES cell line MES1 are able to activate the Oct4 promoter. Ectopic expression of a fusion gene for beta-galactosidase and neomycin resistance from the Oct4 promoter conferred resistance to G418. G418 selection led to a homogenous population of undifferentiated ES cells which were able to undergo induced or directed differentiation into various cell types including neuron-like cells and melanocytes. Furthermore, GFP-labeled GOF18geo-MES1 cells after differentiation ablation were able to contribute to a wide variety of organ systems derived from all the three germ layers. Most importantly, we show that drug ablation of differentiation on the basis of Oct4 promoter is a useful tool to improve ES cell cultivation and chimera formation: MES1 cells after differentiation ablation appeared to be better donors than the parental MES1 line, as the permissive number of input donor cells increases from 100 to 200, resulting in an enhanced degree of chimerism. Taken together, some transcription factors and cis-acting regulatory sequences controlling totipotency-specific gene expression appear to be conserved between mammals and fish, and medaka ES cells offer an in vitro system for characterizing the expression of totipotency-specific genes such as putative Oct4 homologs from fish.
Introduction
During vertebrate embryonic development, a single cell, the zygote from fertilization, undergoes cell division, differentiation and organization into tissue organ systems to generate a whole organism. The determination and maintenance of the cell fate is ultimately due to differential gene activity. A central issue in developmental biology is to understand the molecular mechanism underlying cell differentiation. Embryonic stem (ES) cells represent one excellent in vitro system to study gene expression and function in stem cell self-renewal and differentiation. ES cells are totipotent cell lines derived from early developing embryos without any genetic transformation. They retain totipotency in culture, can be genetically engineered and used to generate chimeras with germline contribution. Consequently, ES cells provide a unique tool for identifying novel developmental genes and studying their physiological functions through the introduction of genetic markers and defined mutations into the germ line (Pascoe et al., 1991) . However, the ES cell technology has been limited to the mouse, and has not been similarly developed in any other vertebrate system because of the difficulties in establishing ES cell lines and in generating germline chimeras.
Medaka (Oryzias latipes) and zebrafish are excellent model systems for the experimental analysis of vertebrate development (for reviews, see Wittbrodt et al. (2002) and Eisen (2003) ). Efforts have been made to develop the ES cell technology in both fish models. Wakamatsu et al. (1994) described a first medaka ES-like cell line, OLES1. Wakamatsu et al. (1993) obtained germline chimeras from non-cultivated medaka blastomeres, and Ma et al. (2001) reported the production of germline chimeras from zebrafish embryo cells after short-term culture. In medaka, we have previously developed feeder-free culture conditions and established several stable diploid ES cell lines from the midblastula embryos . One of these lines, MES1, is capable of spontaneous differentiation in defined culture conditions into various functional cell types and of directed differentiation by ectopic expression of the microphthalmiaassociated transcription factor into pigment cells (Béjar et al., 2003) . MES1 cells can proliferate and differentiate during chimeric embryogenesis into many functional cell types that contribute to various tissues and organs (Hong et al., 1998a) . PCR analyses revealed a high chimera frequency of 90% but a low degree of chimerism of 2-4% (Hong et al., 1998a) . The overall degree of chimerism in functional cell lineages such as pigment cells is only about 0.05 -0.1% (Hong et al., 1998a . Generation and transplantation of numerous ES cell cultures reveals the strong dependence of the pigmented chimera formation on the period of ES cell culture in vitro: The overall degree of pigmented chimerism is the highest (11%) for noncultivated blastula cells, but decreases to 3, 0.2 and 0.04% for ES cells after 10, 50 and more than 50 days in culture (Hong et al., 1998b) . Together with results from zebrafish, it appears that in fish, non-cultivated blastula cells and ES cells up to 10 days in culture are efficient for contribution to many cell lineages including the germline, while ES cell lines after long-term culture are inefficient. Therefore, increasing the degree of chimerism is crucial to address whether fish ES cell lines after long-term culture as required for stable genetic manipulations are able to contribute to the germline.
One way to enhance the degree of chimerism would be to introduce as many ES cells per host as possible. However, this is not possible because the number of transplanted ES cells permissive for normal development is restricted (not more than 100 cells/host; Hong et al., 1998b ). An additional limitation is that medaka ES cells-like mouse ES cells-in standard culture conditions undergo spontaneous differentiation. Morphologically detectable spontaneous differentiation usually takes place only in a minor fraction of ES cells and does not affect ES cell propagation. However, there might be much more differentiating cells detectable at the molecular level. These differentiated derivatives transplanted together with undifferentiated ES cells may interfere with embryogenesis and possibly restrict the permissive number of donor ES cells. The use of pure, undifferentiated ES cell populations would enlarge the permissive number of donor ES cells and thus the degree of chimerism. Therefore, understanding the mechanisms for undifferentiated ES cell propagation is essential for ES cell culture and chimera formation.
Mouse ES cells express the POU transcription factor Oct4, a key regulator and specific marker of totipotent cells in vivo and in vitro. In vivo, Oct4 expression is restricted to totipotent stem cells of the pregastrulation mouse embryos which give rise to somatic tissues and germ cells, but downregulated during gastrulation and thereafter maintained only in the germline lineage. In vitro, Oct4 expression is high in undifferentiated ES cells but dramatically reduced or extinct upon induction for differentiation (Schöler et al., 1990; Pesce et al., 1998) . By analyzing the expression of a reporter gene under the control of an 18-kb genomic fragment, totipotency-specific transcription of the mouse Oct4 was found to be controlled by the upstream regulatory sequences. In particular, two cis-acting elements were characterized as necessary for cell-specific expression: The proximal enhancer (PE) drives Oct4 expression in the epiblast and its derived embryonic carcinoma cells, while the distal enhancer (DE) is inactive in the epiblast derivatives but directs expression in the inner cell mass of preimplantation embryos, primordial germ cells, ES cells and ES-derived germ cells in culture (Yeom et al., 1996; Hübner et al., 2003) . Oct4 is indispensable for self-renewal of pluripotent stem cells (Nichols et al., 1998; Niwa et al., 2000) . In the initiation stage of ES cell derivation in standard culture conditions, the number of Oct4-expressing cells declines prior to overt cytodifferentiation (Buehr et al., 2002) . Therefore, continued Oct4 expression appears to be associated with the ability of ES cell derivation and maintenance. In this regard, McWhir et al. (1996) developed an approach for ablating spontaneous differentiation in mouse ES cell cultures by making use of the totipotencyspecific mouse Oct4 promoter for driving the neomycin resistance gene neo in undifferentiated ES cells. By G418 selection, they obtained cell populations devoid of differentiation. Using this differentiation-ablating approach, they were able to derive and maintain ES cell lines from otherwise non-permissive mouse strains.
The Oct4 ortholog has so far been limited to mammals, although a putative Oct4 homolog has been described in zebrafish (Pou2; Takeda et al., 1994; Burgess et al., 2002) , axolotl, lungfish and sturgeon (Johnson et al., 2003) . Oct4 contains a POU-specific domain and a POU homeodomain that are highly conserved in the POU family members. However, the sequences outside these two domains are highly variable, making it difficult to isolate and characterize the Oct4 homolog in non-mammalian species by the homology cloning approach.
This study was aimed at addressing whether the mechanisms regulating totipotency-specific gene expression are conserved in vertebrates. We made use of the mouse Oct4 promoter to express reporter and drug resistance genes in early medaka embryos and ES cells. Furthermore, we established an approach for ablating spontaneous differentiation in ES cells by drug selection. We show that the use of differentiation-ablated ES cells resulted in a significant increase in the degree of chimerism.
Results

Activation of the mouse Oct4 promoter in early developing medaka embryos
To address whether the mouse Oct4 promoter was active in fish cells, a total of five reporter expression vectors under the control of the mouse Oct4 regulatory sequences were made available (Fig. 1) . We first microinjected pGOF18gfp into medaka embryos at the 1-to 2-cell stages and monitored its transient reporter expression during early embryogenesis. This construct contains the 18-kb mouse genomic Oct4 fragment including the 9-kb promoter sequence harboring the ES cell-specific element DE and the epiblast-specific PE. It has been shown to be able to mimic the endogenous Oct4 expression in transgenic mice and undifferentiated ES cells (Yeom et al., 1996) . Zygotic transcription in fish begins after the midblastula transition at which all blastomeres are thought to be totipotent. Of 25 injected embryos, none showed any GFP signal before the blastula stage, 22 displayed strong GFP at the blastula stage ( Fig. 2A,B) . The GFP signal remained evident during gastrulation (Fig. 2G,H ) and usually became barely detectable after the organogenesis stage (data not shown). For comparison, pHygEGFP drove expression from the blastula stage to hatching (data not shown). Microinjection of pGOF18-PEgfp or pOct4gfp gave rise to similar results ( Fig. 2C -F) . pGOF18-PEgfp is a derivative of pGOF18gfp after deleting a 1.2-kb sequence spanning the PE, and pOct4gfp contains only the DE and the minimal Oct4 promoter. Both regulatory sequences have been shown to drive specific expression in pluripotent cells in vitro and in vivo (Yeom et al., 1996) . A construct similar to pOct4gfp has been demonstrated to be active in mouse ES cells and their derived oocytes (Hübner et al., 2003) .
Then pGOF18lacZ was microinjected into one cell of the 2-cell-staged embryos and LacZ activity was examined by X-gal staining. Microinjected embryos before the midblastula stage did not stain blue ðn ¼ 8Þ; but displayed strong staining at the late blastula stage (Fig. 2I) . Microinjection of pGOF18geo gave rise to a similar expression pattern (data not shown). Similar to pGOF18lacZ, pGOF18geo expresses the fusion geo between lacZ and neomycin resistance. The fusion gene geo has been shown to be able to express both LacZ for X-gal staining and neomycin resistance for selection by G418 in mouse ES cells (Friedrich and Soriano, 1991) . Therefore, medaka blastula cells are able to activate the mouse Oct4 regulatory sequences, and the mouse Oct4 ES-specific element DE plus its minimal promoter appears to be sufficient for expression in early developing medaka embryos.
Activation of the mouse Oct4 promoter in medaka ES cells
We next asked whether the Oct4 promoter can be activated in fish ES cells, the medaka ES cell line MES1 at 187 -623 days of culture was used for transfection. After transfection with pGOF18geo, less than 1 in 1000 cells exhibited a low level of geo expression by faint X-gal staining at 3 days post-transfection ( Fig. 2J ), compared to 5% of strongly stained cells obtained with pCMVTKlacZ ( Fig. 2K ), a cassette that drives high levels of expression in medaka embryos (Winkler et al., 1991) and various fish cell lines (Hong, unpublished) . The signal intensity obtained after 24-h staining in pGOF18geo-transfected cells was much fainter than that after 6-h staining in pCMVTKlacZtransfected cells. When MES1 was transfected with pGOF18gfp, approximately 1% of cells began at day 3 post-transfection to display a detectable GFP signal (Fig. 2L,M ). Similar observations were made with pGOF18-PEgfp and pOct4. For comparison, pHygEGFP produced a more intense GFP signal as early as 18 h posttransfection in 20% cells (data not shown; Hong et al., 2004a) . The relative efficiency of transgene expression from either of the mouse Oct4 regulatory sequences remained unchanged within the examined passage numbers and days of culture. These results suggest that the mouse Oct4 regulatory sequence is active and sufficient for a low level of transgene expression in MES1 cells.
The pGOF18geo-transfected MES1 cells were then grown in the continuous presence of G418 at 100-400 mg/ml for more than 60 days. G418 at 400 mg/ml resulted in complete cell (Fig. 2N ). Four colonies were expanded and examined by X-gal staining. These cells exhibited barely detectable signals (data shown).
For comparison, transfection of Oct4 reporter constructs into fish fibroblast cells (OLF), embryonic epithelial cells (A2) and melanoma cells (PSM) did not generate any detectable transgene expression (data not shown). Therefore, the ability of activating the mouse Oct4 promoter for transgene expression appears to be associated with an undifferentiated state of pluripotent stem cells.
Ablation of spontaneous differentiation
Medaka and mouse ES cells under standard culture conditions show spontaneous differentiation McWhir et al., 1996) . Under drug selection with G418, mouse ES cells transfected with pOct4neo expressing neo from the 1.7-kb mouse Oct4 promoter were free of differentiation (McWhir et al., 1996) . To see whether this was also the case in medaka ES cells, MES1 cells and all the three non-ES cell lines transfected with pGOF18geo were grown in the absence or presence of G418. MES1 cells grown in the absence of drug selection exhibited spontaneous differentiation in a minor fraction of cells that included neural cells and melanocytes; MES1 cells in the presence of G418 propagated as a homogeneous population with all cells displaying the ES cell morphology including a small size, round or polygonal shape and large nuclei with prominent nucleoli (Fig. 2P ) and high alkaline phosphatase activity (Fig. 2Q ). All three non-ES cell lines OLF, A2 and PSM following transfection with pGOF18geo did not survive G418 selection but died at 24 days. These results indicate that the mouse Oct4 promoter is active in undifferentiated ES cells, and that the Oct4 promoter-driven expression of a drug resistance appears to allow for the survival and propagation of undifferentiated but not differentiated cells.
Generation of pure, seemingly undifferentiated ES cells by continuous G418 selection may result from the ablation of differentiation or from the selection for a subpopulation of non-ES cells incapable of differentiation. To make a clear distinction between these two alternates, we examined the developmental pluripotency of GOF18geo-MES1 cells by growing their clonal descendents in the absence of G418 under conditions for inducing spontaneous differentiation . This gave rise to diverse differentiated cell types including pigment cells (Fig. 3A) and neuron-like cells (Fig. 3B ).
Previously, we have shown that the parental MES1 cells can be directed to differentiate into melanocytes by ectopic expression of mitf as a master regulator of pigment cells (Béjar et al., 2003) . To address whether this property was retained in GOF18geo-MES1 cells after drug selection, cotransfection with a mitf-expression plasmid and pHygEGFP was performed by using the Genejuice reagent that gave rise to 20% transfection efficiency (Hong et al., 2004a) . At day 3 post-transfection, approximately 10% of total cells appeared as differentiating melanocytes characterized by a star-shape and numerous dendrites, which eventually developed into melanin-synthesizing melanocytes at day 5 post-transfection. Approximately 90% of the melanocytes were also GFP-positive (Fig. 3C,D) . The efficiency for induced and mitf-directed differentiation did not vary with the total number of culture days examined.
Melanocytes in lower vertebrates like fish and amphibians further develop into a stage, at which the melanocytes show a prominent feature: Their melanosomes, the melanin granules, acquire the ability to be translocated from the cell periphery to the perinuclear compartment, leading to the changes in cell morphology and color. This process is mediated by the cytoskeleton and regulated by environmental signals including light and norepinephrin (NE). We have previously shown that the parental MES1-derived melanocytes directed by ectopic mitf expression are able to aggregate the melanosomes in response to NE treatment (Béjar et al., 2003) . Therefore, NE was used to examine whether the seemingly mature melanocyte were functional in physiology. We found that melanocytes derived from GOF18geo-EMS1 cells indeed showed a clear response to NE: the melanin granules in many pigment cells were completely aggregated and retracted to the perinuclear region (Fig. 3E,F) . This indicates that medaka ES cells after differentiation ablation retained the full potential to generate terminally differentiated functional pigment cells capable of responding to physiological signals.
Enhanced permissive number of donor ES cells
We were interested in whether differentiation-ablated MES1 cells were better donors than control cells for chimera formation. The GOF18geo-MES1 cells were labeled by transfection with pHygEGFP and hygromycin selection. These cells were then propagated in the presence or absence of G418 for 7 days before used for embryo microinjection. Operated embryos were monitored daily and recorded at hatching for the total and normal hatching rates as an indicator for the permissive number of donor cells per host (Table 1 ). In total, 1090 embryos were transplanted with 100, 200 or 300 cells/host. All of them developed to GFP-positive chimeras at different stages up to hatching. For MES1 cells without drug ablation of differentiation, injection of not more than 100 cells/host was permissive in terms of satisfactorily high rates for the total (85%) and normal hatching (63%). Injection of 200 -300 cells/host resulted in a sharp decrease in both rates. When GOF18geo-MES1 cells grown in the continuous presence of G418 were used as donors, the total and normal hatching rates of 81% and 61% at 100 cells/host was similar to those with nonselected control MES1 cells; importantly, a stepwise decline in total and normal hatching rates was not observed at 200 cells/host: The rates were 80% and 62% comparable to those at 100 cells/host. A decline was encountered at 300 cells/host, where the total and normal fry rates decreased to 50% and 14%. Apparently, a number of up to 200 cells/host was permissive for normal development, compared to a maximum of 100 cells for non-ablated MES1 cells (Table 1; Hong et al., 1998a) and other ES cell cultures (Hong et al., 1998b ). We did not observe any decrease in the efficiency of chimera formation with MES1 cells at 266 -388 days of culture.
Enhanced degree of chimerism
Upon transplantation into host blastulae, differentiationablated GFP-positive MES1 cells contributed widely to many embryonic structures including the trunk, internal organs, yolk sac and gonadal region. This donor ES cell distribution is not different from non-ablated MES1 cells. However, when transplantation was made at 200 cells/host, (50) 16 (14) GFP-labeled GOF18geo-MES1 cells were maintained for 7 days in the presence or absence of G418 before transplantation, referred to as with or without drug-ablation. All transplanted embryos developed to chimeras showing GFP-positive donor cells in various compartments. MES1 cells at passages 46 -57 (266-320 days of culture) were used for transplantation.
a Total fry refer to total survivors at hatching. Percent values are derived by comparing with the numbers of embryos injected.
b Normal fry refer to survivors with a normal appearance and swimming behavior at hatching. Percent values are derived by comparing with the total number of embryos injected.
c As donors, the parental MES1 cells were maintained under standard culture condition without any gene transfer and drug selection and the GFPlabeled GOF18geo-MES1 cells maintained for 7 days in the absence of G418.
d As donors, the GFP-labeled GOF18geo-MES1 cells were maintained in the continuous presence of G418. the degree of chimerism increased approximately two times higher than that obtained at 100 cells/host. Specifically, chimeras with donor ES cells forming continuous structure over the whole embryos were obtained (Fig. 3G,H) . Thus, differentiation-ablated ES cells retain the developmental pluripotency in vivo and can improve the degree of chimerism.
Discussion
In this study, we have addressed whether the mechanisms underlying totipotency-specific gene regulation is conserved between mammals and fish, by using the mouse Oct4 promoter as a well-established totipotency-specific regulatory sequence and the MES1 as a chimera-competent medaka ES cell line. Activation of the Oct4 promoter was first detectable at as early as the blastula stage when all blastomeres are thought to be totipotent. The signal of reporter expression from the Oct4 regulatory sequence remained clearly visible through gastrulation until disappearance at more advanced stages. Whether the signal was due to the continuous expression or persistence of the stable reporter protein GFP is not clear. Our observation that GFP expression by the ubiquitously active CMV was high from the blastula up to the hatching stage would imply a restricted activity for the Oct4 regulatory sequence in developing medaka embryos. It will be interesting to determine the expression pattern of the medaka Oct4 homolog.
Although the transient plasmid expression used does not necessarily reflect cell-or tissue-specific expression of the regulatory sequence used, this assay does provide a first test for the activity of a heterologous promoter in fish cells in general. Evidence that the ability to activate the Oct4 promoter is associated with an undifferentiated state of ES cells also in fish came from cell transfection and drug selection experiments. In all the three non-ES fish cell lines examined, all the GOF18 constructs did not give rise to detectable transgene expression, whereas in medaka ES cells these constructs generated clearly detectable transgene expression. Furthermore, pluripotency retention in vitro by induced or directed differentiation and in vivo by chimera formation argues for differentiation ablation but against the possible selection for a subpopulation of non-stem cells incapable of differentiation. In mouse, the construct gcOct4gfp containing the DE plus the promoter can drive totipotent expression in undifferentiated ES cells and ES-derived germ cells (Hübner et al., 2003) . In the present study, we have shown that our pOct4gfp similar to gcOct4gfp is also sufficient for expression in medaka blastula embryos and undifferentiated ES cells but not non-ES cells. Recently, the Oct4 regulatory sequence has been shown to be active also in medaka male germ stem cells (Hong et al., 2004b) . Taken together, these results are in accordance with the fact that activation of the Oct4 promoter depends on the pluripotency in mice (Yeom et al., 1996; Pesce et al., 1998) .
Using an equal amount of plasmid DNA, the transfection efficiency of pGOF18gfp (1%) was 20-fold lower than that pHygEGFP, and the transfection efficiency of pGOF18geo (0.1%) was approximately 50-fold lower compared to pCMVTKlacZ. This fold discrepancy in transfection efficiency may be due to a difference in detection sensitivity between X-gal staining and fluorescent microscopy. In addition, the signal intensity from the GOF constructs was considerably lower than that from pCMVTKlacZ or pHygEGFP. This may result from a difference in plasmid size (e.g. 25 kb for pGOF18geo versus 7.7 kb for pCMVTKlacZ) and/or in transcriptional strength of the regulatory sequences. According to Yeom et al. (1996) , the activity of GOF18 is approximately 10 times the TK promoter. In MES1 cells, the CMV (as in pHygEGFP) is about 150 times the TK (Hong et al., 2004a) , thus is about 15 times the Oct4 regulatory sequences.
G418 selection in medaka ES cells following transfection with pGOF18geo gave rise to cell populations that were homogeneous in the ES phenotype and strong alkaline phosphatase staining. This suggests that pGOF18geo is able to confer G418 resistance on fish ES cells. The cells were resistant to a dose of up to 300 mg/ml compared to 1 mg/ml for pSTneo that expresses neo from a strong enhancerpromoter combination (Hong et al., 2004a) . The weak resistance is consistent with a low level of the fusion transgene geo expression as indicated by faint X-gal staining. It is likely that geo expression from pGOF18geo may be at a threshold level for detection by X-gal staining but sufficient for conferring resistance to G418 at a moderate dose. The parental MES1 line is able to undergo spontaneous and directed differentiation into physiologically functional cells Béjar et al., 2003) . GOF18geo-MES1 cells after long-term G418 selection retained this property, and their differentiation was dependent on deprivation of G418. From these results, we conclude that generation of homogeneous cell populations devoid of differentiated derivatives results from ablation of differentiation but not from selection for, or appearance of, seemingly undifferentiated subpopulations incapable of differentiation. In mice, differentiation-ablated ES cells are able to produce germline chimeras (McWhir et al., 1996) . Therefore, at least some factors regulating the Oct4 promoter appears to be conserved between mammals and fish, and the Oct4 promoter provides a useful tool for monitoring and modulating ES cell self-renewal and differentiation also in heterologous animal models.
The efficiency of chimera formation declines with increasing the passage number and culture period until a consistently low level is reached beyond 50 days of culture (Hong et al., 1998b) . MES1 cells used in the present experiments were at 187 -623 days of culture and have been shown to retain stable growth, a normal karyotype and pluripotency in vitro Béjar et al., 2003) and competence to produce a stable efficiency of chimera formation (Hong et al., 1998a) . In the present study, MES1 cells within the tested passage numbers and days of culture did not show any detectable difference in the ability and efficiency to activate the Oct4 regulatory sequence, and pGOF18geo-MES1 cells during 12 months of culture in the presence of G418 retained the same efficiency for differentiation in vitro and for chimera formation. A stable efficiency for chimera formation and for activation of the mouse Oct4 regulatory sequence supports the association between the capability of activating the Oct4 regulatory sequence and the ES cell pluripotency.
Tremendous effort has been made for identifying the mouse Oct4 homolog in non-mammalian vertebrates. Activation of the mouse Oct4 promoter in medaka would imply the existence of transcription factors acting on the Oct4 cis-acting elements in lower vertebrates. In will be interesting to know whether regulatory sequences similar to the Oct4 cis-acting elements and even the Oct4 homologs are present and involved in totipotency-specific gene expression in non-mammalian species. Takeda et al. (1994) reported Pou2, a POU transcription factor in zebrafish as displaying one important feature of the mouse Oct4, namely, expression and involvement in early embryonic processes such as proliferation of blastomeres in undetermined state at the blastula stage and/or early cell commitment at the gastrula stage. More recently, the Pou2 is even proposed to be an ortholog of the mouse Oct4 on the basis of chromosomal synteny, phylogenetic sequence comparison, expression and functional data (Burgess et al., 2002) . A putative Oct4 homolog was cloned in axolotl, lungfish and sturgeon (for overview, see Johnson et al., 2003) . A putative homolog to Pou2 or Oct4 appears to exist also in medaka (R. Liu and Hong, unpublished data). Our finding that the ability of activating the Oct4 promoter is associated with an undifferentiated state of medaka ES cells would indicate the suitability of medaka ES cells as an in vitro model to characterize the expression of putative totipotency-associated genes including the Oct4 homologs from fish.
Production of knockout mice through germline transmission of ES cells following gene targeting by homologous recombination is a powerful routine in mouse developmental genetics (Pascoe et al., 1991) . This ES technology has not similarly developed in any other vertebrate species. Two major challenges are derivation and germline contribution of ES cell lines. In zebrafish, embryonal cells after several days in culture are able to produce germline chimeras (Ma et al., 2001) . In this regard, the availability of pluripotent ES cell lines makes medaka a first lower vertebrate candidate . The efficiency of somatic chimera formation is high from medaka ES cells, but the degree of chimerism is generally too low (Hong et al., 1998a,b) to obtain a reasonable efficiency of germline contribution.
Previously, we have shown that chimera formation depends on the genetic and physiological compatibility between donor ES cells and host embryos (Hong et al., 1998b) . In particular, we have found that only a small number (not more than 100) of cultivated ES cells is permissive for normal development and anticipated that the ability of adjusting the physiological parameters from the donor side will improve the degree of chimerism. Here, we addressed this issue by making use of differentiation-free ES cells. We found a 2-fold increase in the permissive number of donor cells and thus a similar increase in the degree of chimerism. This underscores the importance of physiological parameters for ensuring the production of germline chimeras.
So far we have not obtained germline transmission by using control and drug-ablated donor MES1 cells. This is not surprising, given that the number of chimeric adults was small and the degree of chimerism even by using drug-ablated donor ES cells was still low. Furthermore, the production of germline chimeras from ES cells has been shown to heavily depend on the use of suitable host strains (Kawase et al., 1994) . It will be interesting to determine whether transplantation of differentiationablated ES cells into compromised embryos of a suitable host strain will further enhance the degree of chimerism for germline contribution.
Taken together, the transcription factors and cis-acting regulatory sequence controlling totipotency-specific gene expression appear to be conserved between mammals and fish, and medaka ES cells offer an excellent model for studying expression and functions of candidate genes such as Oct4 homologs from lower vertebrates in stem cell selfrenewal and differentiation.
Materials and methods
Plasmid
Plasmid DNA used for cell transfection and embryo microinjection was prepared using Qiagen midi plasmid kits. The structures of these plasmids are diagramed in Fig. 1 . Plasmid pCMVTKlacZ contains the lacZ gene for beta-galactosidase (gal) under the control of the human cytomegalovirus early gene enhancer/promoter (CMV) linked to the herpes simplex thymidine kinase promoter, while pHygEGFP (Clontech) expresses the hygromycin resistance (hyg) and gfp fusion gene from CMV. Plasmids pGOF18lacZ, pGOF18gfp and pGOF18-PEgfp were a generous gift from Dr H.R. Schöler. In pGOF18lacZ and pGOF18gfp, lacZ and gfp are under the control of the 18-kb mouse genomic Oct4 fragment (GOF18; Yeom et al., 1996) , in which the reporter gene is fused in frame to the Oct4 start codon. Plasmid pGOF18-PEgfp is a derivative of pGOF18gfp from which a 1.2-kb internal fragment was deleted, leaving the ES-specific enhancer DE linked to the minimal promoter.
To construct pOct4gfp, a 2.4-kb fragment of the mouse Oct4 DE plus the promoter linked to gfp was PCR-amplified from pGOF18-PEgfp and cloned in pBluescript KS (Stratagene) (Hong et al., 2004a,b) . Similarly, pGOF18geo expresses a fusion gene geo (gal and neomycin resistance) in place of lacZ of pGOF18lacZ. It was constructed in four steps. (i) pD102 (Yeom et al., 1996) contains a 2.07-kb genomic HindIII fragment of the Oct4 gene in the backbone of pBluescript KS (Stratagene). This fragment consists of about 170 bp of the first exon of Oct4 and about 1.8 kb of upstream sequences. The XhoI site was destroyed by fillingin and self-ligation, resulting in pD102dXho. (ii) A nonphosphorylated adaptor (MluI-BglII-XhoI-MluI) was inserted at the MluI site in pD102dXho; the adaptor was so designed that only one MluI site was maintained 5 0 to the insert in the resulting plasmid pD-BglII. (iii) A 4-kb BamHI-XhoI geo fragment was released by complete XhoI digestion and partial BamHI digestion from pPGKgeo-bpA (Friedrich and Soriano, 1991) and was inserted between BglII and XhoI of pD-BglII, generating pDgeo. (iii) The 6-kb HindIII fragment containing the geo in pDgeo was used to replace the original 2.07-kb genomic HindIII fragment in the genomic clone GOF-18 (C115-22; Yeom et al., 1996) , producing pGOF18geo that is 25 kb. In pGOF18geo, geo together with the bovine growth hormone polyA signal was inserted with a linker at the MluI site artificially introduced immediately downstream of the start codon of the mouse Oct4 gene.
Cell culture, transfection, drug selection, differentiation and staining
The medaka ES cell line MES1 at passages 33 -128 (187 -623 days of culture) was maintained in ESM4 medium at 26 8C in ambient air as described (Hong et al., , 1998a . Established fish cell lines OLF, A2 and PSM were used as non-ES cell controls. OLF is a medaka fibroblast-like cell line (Etoh et al., 1988) . A2 is an embryonic epithelial cell line (Kuhn et al., 1979) and PSM is a melanoma cell line (Wakamatsu, 1981) , both being derived from fish of the closely related genus Xiphophorus. They were cultured as previously described (Kuhn et al., 1979; Baudler et al., 1997) . Cells were transfected by the CalPhor Maximizer protocol of calcium phosphate co-precipitation (Clontech) as described (Hong et al., 2004a) . At 48 h post-transfection with pGOF18geo, cells were grown in the presence or absence of G418 (100 -400 mg/ml). GFP-positive MES1 cells were obtained by transfection with pHygEGFP and growth in the presence of hygromycin at 400 mg/ml. Single GFP-positive cell clones were expanded in ESM4 medium containing 200 mg/ml hygromycin for up to 60 days. The expanded cells were maintained under the undifferentiated culture condition to monitor the ES cell phenotype. Cells were fixed in 4% paraformaldehyde in PBS for 20 min, examined for beta-galactosidase by X-gal staining (Winkler et al., 1991) and alkaline phosphatase .
Spontaneous differentiation was induced as described for the parental cell line . Briefly, the clonally expanded GOF18geo cells were maintained in the undifferentiated state in the presence of G418, and subjected to induction/direction of differentiation in the absence of G418. For differentiation into neural cells, the GFP-positive cells were mixed at a ratio of 1:50 with control MES1 cells and seeded at a low density. Under this culture system, GFPpositive neural cells on a dark background can easily be observed by fluorescent microscopy (Hong et al., 2004a) . Directed differentiation into melanocytes was performed by transfection with pCMVmitf (Béjar et al., 2003) plus pHygEGFP using the Genejuice reagent (Novagene; Hong et al., 2004a) . To examine the motility of differentiated melanocytes as a prominent feature of physiological maturation, the co-transfected cells at day 5 post-transcription were treated for 0.5 -3 h with 0.1 mM NE (NEhydrochloride, Sigma). Cells were monitored under a microscope for changes in cell morphology and distribution of melanin granules that reflect motile activity of the melanosomes (Béjar et al., 2003) .
DNA microinjection and staining of embryos
Microinjection of plasmid DNA into medaka embryos at the 1-or 2-cell stage and X-gal staining were performed essentially as described (Winkler et al., 1991) .
Chimera formation
Medaka was maintained at 26 8C with a photoperiod of 14 h light to 10 h darkness. Two outbred albino strains, i 1 and i 3 were used as recipients (Hong et al., 1998b) . Clustered embryos were collected from the belly of females and rolled to single embryos with fingers in a net to remove attachment filaments and hairs. The single embryos were treated in proteinase K (5 mg/ml in water) for 2 h to digest the outer layer of the chorion. The embryos were rinsed in Millipore H 2 O and incubated for 2 h at room temperature in a crude medaka hatching enzyme preparation to digest the inner layer (Hong et al., 1998a,b) . At the end of incubation, BSS-1% PEG was added and the embryos were transferred gently to 6-cm Petri dish containing BSS-1% PEG and completely dechorionated by manual removal of chorion fragments. BSS-1% PEG is balanced salt saline (Wakamatsu et al., 1993) containing 1% polyethylene glycol 20 000 and antibiotics.
Cell transplantation into recipient blastulae was performed essentially as described (Hong et al., 1998a,b) with several modifications. Cell transplantation was performed using a self-built microinjector mounted on a Leica micromanipulator. Transplantation needles were pulled from 1-mm borosilicate glass capillaries (KwiK-Fil, MTW100-4, WPI, USA) using a flaming/blowing micropipette puller (Sutter Instrument Co., USA). The needles were clipped using a fine forceps to form an opening of 20 -25 mm in inner diameter (donor cells were 12-15 mm in diameter) at the tips. The needles were immersed (tips up) in a 2-ml tube filled with transplantation medium (TM; 100 mM NaCl, 5 mM KCl, 5 mM Hepes, pH7.1, 0.1% phenol red as a tracing dye) for loading by capillary action. The TM-loaded needle was connected to the microinjector filled with light mineral oil (Sigma). Manipulation was monitored under a Zeiss Stemi 2000 or Leica MZ16 stereoscope. Air and excessive TM in the needle was pressed out till the TM-oil interphase was 5-10 mm distant from the tip. Single cell suspension in TM was pipetted onto a flat surface and sucked into the needle. Dechorionated host embryos at early to midblastula stage were arranged in a single row along a V-shaped 1.5% agarose ramp in Yamamoto Ringer's solution (0.75% NaCl, 0.02% KCl, and 0.02% CaCl 2 , pH 7.3) in a 6-cm dish immersed in BSS-1% PEG. Between 100 and 400 cells were injected into the deep layer cells of each midblastula recipient. Operated embryos were reared and observed in BSS-1% PEG until hatching.
Microscopy and photography
Living cells were observed using a Zeiss Axiovert invert microscope equipped with optics for phase contrast, DIC and fluorescent microscopy. Green and red fluorescence was visualized under UV light filters. Micrographs were taken using a Zeiss AxioCam MRc digital camera equipped with AxioVision 4 software. Embryos and fry were visualized using a Leica MZFLIII stereo microscope equipped with a Fluo III UV-light system and a GFP2 filter and photographed using a Nikon E4500 digital camera (Nikon Corp).
